Autologous T cells modified to recognize novel antigen targets are a novel form of therapy for cancer. We review the various potential forms of observed and hypothetical toxicities associated with genetically modified T cells. Despite the focus on toxicities in this review, re-directed T cells represent a powerful and highly effective form of anti-cancer therapy; we remain optimistic that the common toxicities will become routinely manageable and that some theoretical toxicity will be exceedingly rare, if ever observed.
Adoptive cellular therapy using chimeric antigen receptor (CAR) T cells has been successful in the treatment of refractory or relapsed (r/r) B cell malignancies. Despite this early success, broader applications of CAR T cell therapy may be limited by the availability of targetable antigens and the mitigation of their various toxicity profiles. Toxicities discussed here included bystander effects leading to systemic inflammatory reactions such as the previously described cytokine release syndrome (CRS), neurologic toxicities, on-and offtarget effects of CARs, hypersensitivity reactions to CAR constructs, and theoretical toxicities, including insertional mutagenesis mediated by transgene delivery, autonomous CAR signaling, autoimmunity or graft-versus-host disease (GVHD) caused by T cell products, and generation of a replication-competent virus ( Figure 1 ). 1, 2 Despite the focus on toxicities in this review, we remain optimistic that toxicity mitigation can be overcome through experience in clinical management and optimized T cell engineering strategies, while some of the theoretical toxicities may never materialize in the clinical setting.
Bystander Innate Cells
One well-described CAR toxicity is CRS, which results from activation of bystander innate immune cells, including macrophages. CRS has been observed in trials using CAR constructs targeting various antigens but has become associated with anti-CD19 CARs and the anti-CD19 bispecific T cell engaging antibody, blinatumomab. 3 CRS can range from mild flu-like symptoms such as fever, myalgias, fatigue, and mild hypotension to a more serious presentation of severe inflammatory response syndrome (SIRS) involving significant hypotension requiring pressors, vascular leak with associated respiratory failure, coagulopathy, and multi-organ system failure. Cytokine profiling of patients with CRS has repeatedly demonstrated significantly elevated levels of interleukin (IL)-6, IL-10, granulocyte colony-stimulating factor (G-CSF), and interferon (IFN)-g, with levels often correlating with rapid CAR T cell activation and expansion. The severity of CRS does not appear to correlate with overall disease response, but most responding patients demonstrate some degree of CRS. [3] [4] [5] [6] [7] In patients with acute lymphoblastic leukemia (ALL), CRS has been correlated with disease burden at the time of infusion, and experience has demonstrated that more potent conditioning regimens may increase the likelihood of severe CRS and/or CAR-related toxicity. 8 Patients with severe CRS can also develop a macrophage activation syndrome (MAS) reminiscent of hemophagocytic lymphohistiocytosis, as demonstrated by overlapping cytokine profiles, hyperferritinemia, and evidence of hemophagocytosis on bone marrow biopsy. 3, 7 In all witnessed cases to date, MAS appears to resolve with the resolution of CRS. Current theories on the mechanism of action include high levels of IFN-g production in the setting of rapid T cell activation and cytotoxicity, resulting in robust macrophage activation. 9 Given the importance of IFN-g in T cell cytotoxicity, and the clinically available anti-cytokine therapies, management of CRS involves the blockade of the pro-inflammatory cytokine IL-6 via blockade of the IL-6 receptor with tocilizumab. Neutralization of IL-6 with siltuximab has also been attempted, but it is not as well established as tocilizumab. 7 High-dose corticosteroids have been used in patients, although there is some evidence that they may have a detrimental effect on T cell proliferation; therefore, their use is reserved for management of continuing severe CRS and/or severe neurologic toxicity. 10 Predictive biomarkers of which patients are likely to experience CRS are being explored. 11 More extensive reviews of the grading and management of CRS have been published, 7, 12 T cells to CD19 with either CAR T cells or bispecific T cell engagers (BiTEs). Manifestations vary and include confusion, obtundation, seizures, hallucinations, aphasia, ataxia, and more recently and rarely, profound cerebral edema. In some instances, these symptoms can correlate with the onset of CRS, but neurologic symptoms can also occur before or following resolution of CRS. These symptoms are usually self-limiting and are managed with high-dose steroids and anti-epileptic drugs as needed; tocilizumab does not appear to have a beneficial effect in ameliorating neurologic toxicity, though it has not been formally tested in this context.
Given the toxicity overlap with blinatumomab and the absence of neurotoxicity seen with other CAR constructs, there may be a correlation with single-chain fragment variable (scFv) cross-reactivity with a yet unidentified antigen expressed in the nervous system. 13, 14 CAR T cells have been shown to infiltrate the cerebrospinal fluid and central nervous system (CNS); however, their presence does not appear to be directly correlated with neurologic toxicity and may be beneficial in diseases such as ALL, in which the CNS is a sanctuary site for the leukemia cells. Alternatively, CAR T cell neurotoxicity may be associated with cytokines and inflammatory factors released with immune activation. Recent work identified an association of severe CRS with the peak serum levels of 24 cytokines, including IFN-g, IL-6, sgp130, and soluble IL-6 receptor (sIL-6R). 11 It is therefore possible that specific cytokine profiling may help predict which patients are at high risk for neurologic toxicities. For example, it is well established that high levels of IFN-g in the blood trigger monocyte/macrophage activation and migration to inflamed tissues. 15 Cells of the myeloid lineage present in the CNS may become activated by these same inflammatory factors, causing a localized cytokine release in the CNS. This may also partially explain the neurologic toxicity observed with blinatumomab. 3 Juno Therapeutics reported a series of three cases of lethal neurotoxicity in adult patients with r/r ALL treated with JCAR015, which includes the CD28 and CD3z signaling domains. Although the study went through a temporary clinical hold by the U.S. Food and Drug Administration (FDA), it was rapidly re-instated after the conditioning regimen was modified to eliminate fludarabine; this trial now uses only cyclophosphamide in the conditioning regimen. Because fludarabine has not been independently associated with lethal or severe neurotoxicity as a single agent or with other forms of CAR T cells, it is likely to remain an important drug in the conditioning regimens for other CAR T cells. Since the initial writing of this manuscript, this trial has been placed on clinical hold after more cases of lethal cerebral edema have occurred.
On-Target Toxicities and Target Antigen Selection
One of the most important factors in CAR design is choosing the right antigen target. Ideally, the antigen should be expressed only on the surface of the tumor cells, not on healthy tissue. With few exceptions, such as EGFRvIII in glioblastoma, most antigens that have been selected thus far are also present at some level in normal tissues. Because the main driver initiating CAR T cell activation is the direct engagement of the scFv with its cognate antigen, the coexpression of this antigen on any non-tumor cell leads to simultaneous elimination of both tumor and non-tumor targets; the degree of on-target toxicity is likely related to the affinity of the CAR, the level of antigen expression on the healthy tissue, the potency of the CAR, and the relative functional importance of the healthy tissue target. One notable example is that of a CAR recognizing Her2/neu, an antigen that is frequently overexpressed in epithelial malignancies, including gastric, colon, and breast cancer. In 2010, a single patient with Her2+ metastatic colon cancer was treated with a high dose of Her2-targeted CAR therapy and within 15 min of infusion, developed new respiratory failure requiring intubation and intensive care unit (ICU) management; the patient died from CRS and CAR T cell targeting of Her2 on lung epithelium. 16 However, other studies targeting Her2 with lower doses and different CAR constructs, based on either a lower-affinity scFv or less potent signaling domains, show that Her2-targeted CAR T cells may be safe. [17] [18] [19] Some antigens that are expressed on normal tissues may still be targetable by CARs without causing dose-limiting toxicity, such as mesothelin and prostate-specific membrane antigen (PSMA) (S.F. Slovin et al., 2013, J Clin Oncol., abstract); 20 however, neither of these targets has brought about dramatic clinical efficacy, and it is possible that these two outcomes are inexorably linked. Other examples of on-target, off-tumor toxicities associated with the most commonly targeted antigens used in CAR pre-clinical studies and clinical trials are shown in Table 1 . 
. Potential Mechanisms of Toxicity of CAR T Cells
Some mechanisms of CAR-T cell-associated toxicities, both real and hypothetical, are depicted in the diagram. Cytokine release syndrome (CRS), the most relevant toxicity described so far, has been associated with the activation of CAR T cells, leading to IFN-g production and concomitant high levels of systemic IL-6 secreted by bystander macrophage cells. Additional toxicities, which have not been observed in the clinical setting, could result from autonomous signaling of the CAR; off-target recognition of the scFv; insertional mutagenesis of the CAR transgene; activation of endogenous TCR, leading to GVHD; and formation of a replication-competent virus.
In the case of CD19 antigen (expressed on the B cell lineage), some on-target, off-tumor toxicities, such as B cell aplasia, are clinically manageable and may not be unacceptably detrimental following CAR T cell therapy. [21] [22] [23] Patients with B cell aplasia often receive intravenous immunoglobulin (IVIG), but this may not be necessary in all patients (S.J. Schuster et al., 2016, J Clin Oncol., abstract). The prolonged absence of CD19-expressing cells reflects the exceptional capacity of CAR T cells to persist and function in vivo. Given the marked toxicities described thus far and the apparent power of T cell-based therapy, the importance of pre-clinical assays to determine the potential for on-target, off-tumor expression of antigens is apparent. Various approaches are under way to screen for antigens expressed exclusively in tumors (Figure 2) . Bulk-and single-cell deep sequencing technologies such as DNA sequencing (DNA-seq), RNA sequencing (RNA-seq), and tumor exome analysis have yielded a better understanding of unique tumor antigens. 24, 25 An established database of proteins expressed by healthy tissues, on a single-cell level, would complement this approach.
Although most CAR targets have been limited to natural cell-surface antigens in the form of proteins, it is possible to target post-translational modifications of proteins 26, 27 and glycosphingolipids with CARs. 28 T cells can also be genetically modified with natural or engineered T cell receptors (TCRs), which recognize peptides presented in the context of major histocompatibility complex (MHC). By combining genetic analysis of mutations in cancer cells with immune-peptidome analysis by mass spectrometry, a wave of new peptide antigen targets that can be recognized by endogenous TCRs 29, 30 has potential for therapeutic development. Furthermore, new molecular methods that allow for the analysis of post-translationally modified (PTM) proteins has further increased the repertoire of new candidates amenable for T cell recognition. Cobbold et al. 31 emphasized the increasing importance of these post-translational modifications in human malignancies. They demonstrated that phosphopeptide antigens derived from cancer-related phosphoproteins could serve as immunologic signatures of the "transformed self" and were immunogenic in patients with and without cancer. These neo-antigen phosphopeptides were then identified on primary human malignant tissue and were often derived from oncogenes linked to leukemogenesis, making them exciting targets for future T cell-targeted therapy independent of overall mutational load. 31 Most of the neoantigens studied are derived from modified intracellular proteins and have been proposed and tested as candidates for TCR-engineered T cells. Nevertheless, the discovery of neoantigens on the surface of cancer cells will likely provide a valuable source of targets for CAR T cells. Recent work has demonstrated the possibility of scFv fragments capable of identifying intracellular neoantigens loaded on endogenous MHC. 32 The possibility of CAR T cells being able to target both extra-cellular and intra-cellular proteins is promising, though screening for on-target toxicities may be more challenging to carry out with available, practical assays in the pre-clinical setting.
Off-Target Toxicities
One benefit of CAR-based approaches is that their specificity is dictated by antibody-like binding, independent of MHC expression. Whereas CAR T cell therapy has yet to demonstrate clear off-target effects mediate by inappropriate scFv recognition of a non-target antigen, TCR-modified T cell therapies have revealed the possibility of TCR promiscuity and the risk of off-target effects.
One example of such off-target toxicities was observed in patients treated with human leukocyte antigen (HLA)-A1-restricted, MAGE-A3-specific, enhanced-affinity TCR-modified T cells. Despite extensive pre-clinical safety studies, 5 days following T cell infusion, both infused patients died of acute cardiac failure and robust T cell infiltration. No MAGE-A3 expression could be identified on cardiac myocytes. Further investigation revealed that the affinity enhancement of the TCR resulted in recognition of a similar peptide expressed in cardiac muscle, leading to acute cardiac rejection. 33 Following these unexpected deaths, an extensive investigation was undertaken, with initial experiments demonstrating no cross-reactivity with standard myocyte cell culture models. Only the use of highly purified human cardiomyocytes derived from induced pluripotent stem cells revealed the reactivity with the titin peptide expressed in beating cardiac myocytes. 34 Despite advances in modern technology, the ability for pre-clinical models to detect the cross-reactivity of various TCR constructs remains challenging, and no standardized tests or assays can reliably predict all potential off-target toxicities.
Allergic Reactions to CARs
Most CAR constructs in use today derive their scFv from available murine monoclonal antibodies. These murine components are often immunogenic and able to elicit both cellular and humoral host 35 Cellular immune responses to either the murine components or the junction components of CARs may play a role in limiting the long-term persistence of CAR T cells in some patients and may decrease overall CAR T cell efficacy. 36 Although many drugs and immunotherapies can be administered recursively, immune responses to foreign proteins can also result in allergic sensitization. One case of host-mediated CAR T cell allergy has been reported, and it occurred in a patient treated with mesothelin-directed CAR T cells based on a murine antibody. The patient received three doses of CAR T cells and immediately developed anaphylactic shock and cardiac arrest following the third infusion; fortunately, the patient was successfully resuscitated. High levels of anti-mouse antibodies and elevated serum tryptase levels implied an immunoglobulin E (IgE)-mediated anaphylactic reaction. 37 To facilitate long-term engraftment and allow for repetitive dosing as necessary, several investigators are making efforts to generate fully humanized CAR constructs.
Autonomous Signaling or GVHD
When endogenous T cells encounter antigen, they require both antigen specificity and costimulation to achieve activation. Antigen engagement without costimulation leads to anergy, or refractory non-responsiveness. Because CAR-based therapies provide both activation (through the CD3z domain) and costimulation (CD28 and/or 41BB domains) in a single protein, without transcriptional or temporal regulation, it is possible that CAR T cells will have autonomous signaling through the CAR. Antigen-independent signaling has been observed in CARs specific for c-Met and GD2, with constitutive T cell proliferation, function, and eventual exhaustion, along with spontaneous CAR clustering on the T cells in vitro. 38, 39 Studies in animal models demonstrated a deleterious effect on T cell function and persistence, likely mediated by activation-induced cell death (AICD) and/or T cell exhaustion. This phenotype was abrogated with the addition of 41BB costimulation. The relative effects of antigenindependent versus antigen-dependent activation are not yet well understood, especially with regard to their role in maintaining T cell function and memory after infusion.
Constitutively activated T cells have the potential to induce autoimmunity or GVHD, even if the T cell activation is mediated due to CAR signaling over endogenous TCR signaling. To date, no examples of induced autoimmunity have been observed with autologous CAR T cells, but patients with underlying autoimmune disease are usually excluded from these trials. Even in cases in which CAR T cells are generated from the same donor in patients who have received a prior allogeneic stem cell transplant, CAR T cells have not mediated autoimmune disease or GVHD, 40 though the patient populations have been highly selected to exclude those at greatest risk for developing GVHD. Compared to donorlymphocyte infusions, which are infusions of resting T cells that can carry a significant risk of developing acute and/or chronic GVHD, 41 there have been no documented cases of acute or chronic GVHD following allogeneic CAR T cell therapy, including among those patients who received pre-infusion lymphodepletion. 4, 10, 21, 42 CAR-T cell-mediated GVHD may be encountered more frequently with off-the-shelf allogeneic T cell products, whether they use viral-specific T cell populations and/or endogenous TCR knockdown 43 to dampen the risk of GVHD. Ideally, success with allogeneic CAR T cells would allow a broader, more cost-effective, and faster utilization of T cell-based therapies.
Replication Competent Virus
Strategies to deliver the CAR transgene include non-viral transposonbased "sleeping beauty" systems, transiently expressed mRNA, and chromosome-integrating vectors derived from gammaretroviruses or lentiviruses. 44 More recently, clustered regularly-interspaced short palindromic repeats (CRISPR)-based gene delivery approaches have demonstrated promising results with the possibility of non-viral targeting transgene insertion. 45 Various transposase-based systems have now entered clinical trials, but their overall safety profile has yet to be fully evaluated. Transient mRNA expression seems appealing from a safety perspective but lacks the long-term expression needed for maximal CAR T cell function and persistence. Most studies continue to use viral delivery systems such as gammaretroviral and lentivirus approaches.
One theoretical risk of gammaretroviral and lentivirus approaches is the possibility of generating replication-competent virus generation. Current retroviral and lentiviral delivery systems are designed to only transduce cells, but early-generation retroviruses were susceptible to helper virus contamination, allowing the production of infectious virions and leading to T cell lymphomas in animal models. 46 In more than 500 patient-years of follow-up, no replication competent retrovirus has been identified. 47 Early replication-competent lentivirus could be generated in vitro by recombination of vector plasmids or in vivo by mobilization of vector DNA in the presence of other infectious lentivirus such as HIV. 44 Currently used self-inactivating lentiviral vectors generated from three-or four-plasmid transfections are substantially less susceptible to generation of recombinant virus; furthermore, transgene expression can be driven from a heterologous internal promoter, preventing in vivo recombination 48 and enhancing long-term stable expression. To date, there have been no cases of replication-competent virus identified in cell products or patients.
Insertional Site Oncogenesis
One of biggest concerns in early CAR T cell trials was the perceived risk of insertional oncogenesis mediated by transgene integration. Driving these concerns were notable examples such as the 2008 study in which four of ten patients treated with retrovirus-mediated gene transfer for X-linked severe combined immunodeficiency (SCID-X1) resulted in the development of T cell leukemia. 49 In contrast to current CAR T cell trials, which use fully differentiated peripheral T cell populations, the SCID-X1 study used CD34+ hematopoietic stem cells, which are more susceptible to a transformational event given their undifferentiated nature. The causative event found in three of the four patients involved the LIM domain-only 2 (LMO2) proto-oncogene, a gene otherwise silenced in peripheral T cells.
Reassuringly, there have been no reported cases of cellular transformation by insertional mutagenesis by viral vectors used to modify T cells. Work by Scholler et al. examined patients treated with retrovirus transduced CAR-T cells between 1998 and 2005, a period encompassing >500 patient years. They found CAR T cell persistence in 98% of these patients for upward of 11 years without evidence of transformation. 47 Emphasizing their findings, of the >1,000 individuals who have been infused with CAR T cells to date, no documented transformational event has been observed.
Conclusions
Despite the potential for observed and theoretical toxicities described here, the field of adoptive T cell therapy is rapidly growing and offers the potential for curative treatment of otherwise refractory disease. There will surely be additional toxicities revealed as new T cell drugs are brought into the clinic. The addition of ancillary lymphodepleting drugs, "suicide gene" systems, and cytokine-modulating therapies will likely carry their own toxicity profiles. Nevertheless, re-directed CAR T cells are powerful "living drugs," and they represent a new form of therapy that offers the possibility of dramatically extending the lives of patients with cancer. 
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